Whereas target-specific drugs are available for treating ERBB2-overexpressing and hormone receptor-positive breast cancers, no tailored therapy exists for hormone receptor-and ERBB2-negative (''triple-negative'') mammary carcinomas. Triple-negative tumors account for 15% of all breast cancers and frequently harbor defects in DNA double-strand break repair through homologous recombination (HR), such as BRCA1 dysfunction. The DNA-repair defects characteristic of BRCA1-deficient cells confer sensitivity to poly-(ADP-ribose) polymerase 1 (PARP1) inhibition, which could be relevant to treatment of triple-negative tumors. To evaluate PARP1 inhibition in a realistic in vivo setting, we tested the PARP inhibitor AZD2281 in a genetically engineered mouse model (GEMM) for BRCA1-associated breast cancer. Treatment of tumor-bearing mice with AZD2281 inhibited tumor growth without signs of toxicity, resulting in strongly increased survival. Long-term treatment with AZD2281 in this model did result in the development of drug resistance, caused by up-regulation of Abcb1a/b genes encoding P-glycoprotein efflux pumps. This resistance to AZD2281 could be reversed by coadministration of the P-glycoprotein inhibitor tariquidar. Combination of AZD2281 with cisplatin or carboplatin increased the recurrence-free and overall survival, suggesting that AZD2281 potentiates the effect of these DNA-damaging agents. Our results demonstrate in vivo efficacy of AZD2281 against BRCA1-deficient breast cancer and illustrate how GEMMs of cancer can be used for preclinical evaluation of novel therapeutics and for testing ways to overcome or circumvent therapy resistance.
P
oly(ADP-ribose) polymerase 1 (PARP1) is involved in surveillance and maintenance of genome integrity and functions as a key molecule in the repair of DNA single-strand breaks (SSBs) (1) (2) (3) . Inactivation of SSB repair by PARP1 inhibition during S-phase induces DNA double-strand breaks (DSBs) and may thus confer synthetic lethality to cells with defective homology-directed DSB repair (4, 5) . Mutations in BRCA1 or BRCA2 predispose to hereditary breast and ovarian cancer, which accounts for 3-5% of all breast cancers and a greater proportion of ovarian cancers (6) . BRCA1 and BRCA2 function is critical for homologous recombination (HR) (6, 7) , and BRCA-deficient cells appear to be highly sensitive to PARP inhibition, resulting in increased genomic instability, cell cycle arrest, and apoptosis (4, 5) . PARP1 inhibition might, therefore, be a specific therapy for cancers with defects in BRCA1/2 or other HR pathway components (clinically relevant PARP inhibitors are reviewed in ref. 8) . Recently, Donawho et al. (9) have reported that the PARP inhibitor ABT-888 in combination with platinum drugs or cyclophosphamide, but not alone, causes regression of BRCA1-deficient MX-1 xenografts. However, this study uses only a single BRCA1-mutated tumor line without isogenic controls to address the impact of BRCA1 mutation on response to PARP inhibition. In addition, xenografts in immunodeficient mice do not sufficiently mimic the tumor-host interactions of real breast cancers in women (10) . To assess the therapeutic potential of PARP1 inhibition in a more realistic BRCA1-deficient mammary tumor model, we tested the PARP inhibitor AZD2281 (11) in our K14cre;Brca1 F/F ;p53 F/F mouse model for hereditary breast cancer. The Brca1 Ϫ/Ϫ ;p53 Ϫ/Ϫ mammary adenocarcinomas arising in this model recapitulate several key features of human BRCA1-associated breast cancer, including a basal-like phenotype, lack of ER-, PR-, and ERBB2-expression and a high degree of genomic instability (12) and may therefore be a good predictor for clinical responses of BRCA1-deficient cancers to AZD2281. mammary tumors in the K14cre;Brca1 F/F ;p53 F/F mouse model is that they can be transplanted orthotopically into wild-type female mice without losing their basal-like phenotype, gene expression profile, or sensitivity to anticancer agents (13) . Fig. 1 illustrates how this orthotopic transplantation system was used to test various treatment regimens of AZD2281 as single agent or in combination therapy on genetically identical tumors. We first determined the PARP inhibitory dose of AZD2281 in tumorbearing mice. As shown in Fig. 2A , AZD2281 given at 50 mg/kg per day is rapidly taken up by the tumor but is also quickly cleared. However, compared with the plasma concentration (data not shown), the intratumoral levels of AZD2281 were Ϸ2-and 6-to 8-fold higher at 2 and 6 h after injection, respectively, suggesting tumor loading of AZD2281. Importantly, we observed a reduction of the intratumoral PARP1 activity to Ϸ25% of predose levels 30 min after treatment, which returned back to 77% after 24 h (Fig. 2 A) .
Results
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Next, we treated animals harboring 9 individual Brca1 Ϫ/Ϫ ; p53 Ϫ/Ϫ tumors (T1-T9) with AZD2281 (50 mg/kg i.p. per day) for 28 consecutive days once the tumor volume was between 150 and 250 mm 3 (Fig. 2C ). Compared with untreated ( Fig. 2B ) and vehicle-treated controls [supporting information (SI) Fig. S1 ], all tumors responded to AZD2281. After a lag time of Ϸ5 days, T1-T7 stopped growing and showed a substantial shrinkage ranging from nonpalpable to a nodule of Ϸ40% of the initial size. As additional control for the selective targeting of HR-deficient cells by AZD2281, we treated 5 individual Ecad Ϫ/Ϫ ;p53
tumors from a mouse model for pleomorphic invasive lobular carcinoma (ref. 14 and P.W.B.D. and J.J., unpublished results). None of these HR-proficient tumors responded to AZD2281 (Fig. S2) . The lag phase we observed in Brca1 Ϫ/Ϫ ;p53 Ϫ/Ϫ tumors might be explained by the fact that PARP1 inhibition is not cytotoxic by itself but acts by forcing BRCA1-deficient cells to employ error-prone repair pathways that eventually result in cell death (5) . This notion is supported by our finding that DNA damage-associated ␥H2AX foci and cleaved caspase 3-positive cells are significantly increased after 7 days of daily AZD2281 treatment compared with untreated Brca1 Ϫ/Ϫ ;p53 Ϫ/Ϫ tumors or AZD2281-treated HR-proficient Ecad Ϫ/Ϫ ;p53 Ϫ/Ϫ mammary tumors ( Fig. 3 and Table S1 ). After withdrawal of treatment, tumors began to grow again with various lag times (Fig. 2C) , and when tumors reached 100% of the original volume at the time of treatment initiation, a second course of AZD2281 (50 mg/kg i.p. per day ϫ28) was administered. The relapsing tumors, however, did not respond to AZD2281 treatment at this point and lacked the increased numbers of ␥H2AX and cleaved caspase 3-positive cells detected during the first course of AZD2281 administration (Fig. 3 ).
Prolonged AZD2281 Treatment Increases Overall Survival Without
Obvious Signs of Toxicity. In the 2 cases where mice engrafted with tumors (T8 and T9) exhibited stable disease, continuous dosing beyond 28 days was carried out with AZD2281 ( Fig. S1 ). Eventually, these tumors also failed to respond to AZD2281. Importantly, continuous treatment for 58 (T8) and 156 days (T9) did not result in any obvious signs of toxicity such as weight loss, apathy, or pathological abnormalities at necropsy. Therefore, in an attempt to eradicate Brca1 Ϫ/Ϫ ;p53 Ϫ/Ϫ tumors, we repeated the experiments with tumors T1-T7 but extended AZD2281 treatment to 100 days (Fig. 2D) . Again, all tumors shrank to small or nonpalpable remnants. For tumors T1, T5, and T7, resistance was acquired during treatment, whereas T6 relapsed to 100% of the pretreatment volume on day 116 without responding to a second course of AZD2281. Notably, relapsed tumors T2, T3, and T4 were sensitive to the resumption of AZD2281 administration but developed resistance during the second (T3 and T4) or third 100-day cycle of AZD2281 (T2). Hence, compared with the 28-day dosing schedule, the 100-day schedule significantly increased the median survival of the mice from 60 to 131 days (Fig. 5B) . Also, in animals undergoing extended AZD2281 treatment, no signs of toxicity were observed.
AZD2281 Resistance Is Frequently Caused by Increased Expression of
Abcb1a/b. To investigate mechanisms of acquired resistance to AZD2281, which arose in all tumors investigated, we analyzed the expression levels of several drug efflux transporter genes in addition to the drug target gene Parp1 in AZD2281-sensitive tumors and their AZD2281-resistant counterparts using reverse transcriptase-multiplex ligation-dependent probe amplification (RT-MLPA; Fig. 4A and Table S2 ). Most strikingly, the expression of the drug efflux transporters Abcb1a or Abcb1b (15) , which encode the murine P-glycoproteins, was increased by 2-to 85-fold in 11 of 15 AZD2281-resistant tumors. Approximately a 2.5-fold increased expression of Abcg2 (Bcrp1) (16) was observed in 3 tumors (T2-28, T3-100 and T6-100), whereas no change in the Abcc1 or Hprt1 expression was detected. Up-regulation of the drug target Parp1 was found in tumors T6-28 (2.7-fold) and T6-100 (4.2-fold).
Because acquired doxorubicin resistance in the K14cre;Brca1 F/F ; p53 F/F model is frequently caused by increased Abcb1a and Abcb1b expression (13), we studied the effects of AZD2281 on doxorubicin-resistant tumors with or without increased Abcb1a/b expression (Fig. 4B) . Of 3 doxorubicin-resistant tumors analyzed, only those with increased Abcb1a/b expression showed primary resistance to AZD2281. The doxorubicin-resistant tumor without altered drug transporter expression responded initially to drug but eventually developed AZD2281 resistance, which was characterized by a 3.6-fold increase in Abcb1b expression. To test whether acquired AZD2281 resistance could be reversed by blocking drug transporter activity, we combined AZD2281 treatment with the specific third-generation Pglycoprotein (P-gp) inhibitor tariquidar (XR9576) (17) . For this purpose, tumors T1-T4 and T6 were first treated with AZD2281 for 28 days, resulting in complete regression (Fig. 4C) . When tumors relapsed after withdrawal of the PARP inhibitor, tariquidar was applied alone or in combination with a second cycle of AZD2281. In contrast to relapsed tumors T1-T3 and T6 treated with AZD2281 alone, tumor recurrences again became sensitive to AZD2281 by concurrent inhibition of P-gp using tariquidar. T4 showed stable disease, suggesting that other mechanisms of resistance may also evolve. Such mechanisms might explain AZD2281 resistance of T1-100, T5-28, and T4-28, which do not show marked up-regulation of drug transporter gene expression. Of note, T6 (showing marked upregulation of Abcb1b) responded to P-gp inhibition using tariquidar despite an increased mRNA expression of the drug target Parp1, indicating that AZD2281 resistance in this tumor is primarily caused by P-gp overexpression.
Combination of AZD2281 with Platinum Drugs Increases Recurrence-
Free and Overall Survival. Inhibition of PARP has also been reported to enhance the effects of DNA-damaging anticancer drugs such as temozolomide, platinums, and cyclophosphamide in BRCA1-deficient cells (9) . Indeed, in vitro combination studies showed strong and selective synergy between AZD2281 and cisplatin in suppressing BRCA2-deficient mammary tumor cell growth (18) . From a previous study, we know that mammary tumors in our K14cre;Brca1 F/F ;p53 F/F model are sensitive to the MTD of cisplatin and do not acquire resistance (13) . We therefore tested the combination of AZD2281 with cisplatin and carboplatin in this model according to a defined treatment schedule (see Materials and Methods). Compared with cisplatin or carboplatin monotherapy, combination treatment with cisplatin and 28-or 100-day cycles of AZD2281 significantly prolonged both recurrence-free survival (Fig. 5A and Table S3 ) and overall survival (Fig. 5B and Table S4 ). These results indicate that AZD2281 potentiates the effect of these platinum drugs. Nevertheless, most tumors could not be eradicated with the current AZD2281-platinum combination schedules and tended to relapse (Fig. 5A and Fig. S1 ). Moreover, we observed increased toxicity of cisplatin in combination with AZD2281. Mice tolerated an average of 6.7 cycles of cisplatin (6 mg/kg i.v., SD ϭ 1, n ϭ 9) before they had to be killed because of accumulating nephrotoxicity. In contrast, mice tolerated only 3 cycles of cisplatin (6 mg/kg i.v. day 0) ϩ 100 daily injections of 50 mg of AZD2281 per kg (SD ϭ 0.7, n ϭ 5).
Discussion
Here, we show that the K14cre;Brca1 F/F ;p53 F/F mouse model is useful for preclinical evaluation of novel therapeutics, such as the clinical PARP inhibitor AZD2281. We found that BRCA1- Table S1 . deficient ''spontaneous'' mouse mammary tumors show an impressive and prolonged response to AZD2281. This is consistent with the reported hypersensitivity of BRCA1-deficient cells to PARP1 inhibition (5) . An important advantage of AZD2281 is its excellent therapeutic index. Even after prolonged daily treatment with a PARP1-inhibitory dose of AZD2281, no doselimiting toxicity is observed in tumor-bearing mice. Because also BRCA2-deficient mouse mammary tumor cells demonstrate selective sensitivity to AZD2281 (18) , this PARP inhibitor may represent a promising drug against BRCA-associated breast and ovarian cancer in humans. In addition, sporadic cancers with HR pathway defects may also be expected to show selective sensitivity to AZD2281. In particular, treatment of patients with triple-negative breast cancers, which account for 15% of all breast cancers (19) and frequently harbor BRCA1 pathway defects (20) (21) (22) (23) , might be useful, because no targeted therapy exists thus far for this subgroup of breast cancers. Preliminary data from Phase I clinical trials with AZD2281 also indicate a favorable toxicity profile and objective responses in several patients with BRCA1-associated ovarian cancer (24) . Regarding administration of AZD2281 as a single agent, our data suggest that continuous dosing of the PARP inhibitor may be more effective than intermittent treatment. Continuous AZD2281 treatment might result in increased toxicity in nontumor cells carrying heterozygous BRCA mutations compared with wildtype nontumor cells, but continuous dosing of AZD2281 in BRCA1 mutation carriers does not suggest this to be the case (24) .
Genetically engineered mouse models (GEMMs) of BRCAassociated breast cancer also enable preclinical evaluation of combination treatments that increase the types of DNA damage for which repair will be abrogated after PARP1 inhibition in a BRCA-deficient genetic background. A promising therapeutic strategy involves combination treatment with PARP inhibitors and platinum drugs, which induce, in addition to interstrand cross-links, intrastrand cross-links that are removed by nucleotide-excision repair (NER) (25) . Because PARP1 might be involved in both base-excision repair (BER) and NER (26) , synergy between PARP inhibitors and platinum drugs could be anticipated. Indeed, in vitro drug combination studies showed selective synergy between AZD2281 and cisplatin in BRCA2-deficient mammary tumor cell lines (18) . In line with this, we found that AZD2281 may enhance the efficacy of platinum drugs against BRCA1-deficient mammary tumors, suggesting this drug combination might be beneficial in the clinic. Additional preclinical studies in the K14cre;Brca1 F/F ;p53 F/F mouse model can be performed to optimize AZD2281-platinum combination therapy, e.g., by applying AZD2281 in combination with multiple low-dose platinum treatments or by applying triple combinations of AZD2281 with tariquidar and platinum drugs. Repeated treatment of animals with cisplatin alone or in combination with AZD2281 resulted in accumulating nephrotoxicity. In the K14cre;Brca1 F/F ;p53 F/F mouse model, different schedules of AZD2281-platinum combinations that maximize tumor cell kill without increasing toxicity can be explored.
As for all new anticancer agents that enter the clinic, one can expect the development of resistance to occur. Using the K14cre;Brca1 F/F ;p53 F/F mammary tumor model, we were able to model acquired resistance to AZD2281 and to investigate the mechanistic basis of this resistance (27) . The most frequently observed mechanism of acquired resistance to AZD2281, upregulation of P-gp, could be effectively blocked by the P-gp inhibitor tariquidar, suggesting this might be a suitable strategy to reverse P-gp-related clinical resistance to AZD2281 should it occur. Interestingly, P-gp expression might also be directly modulated by PARP1 inhibition, because mouse embryonic fibroblasts from Parp1 Ϫ/Ϫ mice were found to have increased P-gp expression and doxorubicin resistance that could be reversed by the P-gp modulator verapamil (28) . To identify alternative P-gp-independent resistance mechanisms, we are currently crossing the K14cre;Brca1 F/F ;p53 F/F model onto an Abcb1a/b null background (29) . In human BRCA-mutated breast cancer, acquired resistance to AZD2281 might also be mediated by genetic reversion of the BRCA1 or BRCA2 mutations (30) (31) (32) . This possibility cannot be investigated in our current mouse model, in which BRCA1 function is irreversibly abolished by Cre-mediated deletion of exons 5-13 (12) , disabling the development of platinum resistance by genetic reconstitution of BRCA1 function (13, 33) . New mouse models containing Brca1 frame shift mutations that mimic common human BRCA1 founder mutations are required to investigate whether such a resistance mechanism does occur in vivo.
Our study shows that GEMMs of human cancer may be useful not only for assessment of tumor response and toxicity but also for modeling acquired resistance, analysis of resistance mechanisms, and evaluation of reversal strategies or second-generation drugs in resistant tumors. Hence, intervention studies in GEMMs may help to predict the basis of resistance to novel therapeutics well in advance of the human experience, thereby providing the possibility to more adequately respond to clinical resistance. Ultimately, this may improve the clinical success rate for novel anticancer drugs.
Materials and Methods
Animals, Generation of Mammary Tumors, and Orthotopic Transplantations. Brca1 Ϫ/Ϫ ;p53 Ϫ/Ϫ mammary tumors were generated in K14cre;Brca1 F/F ;p53 F/F mice, genotyped, and orthotopically transplanted into syngeneic wild-type mice as described (12, 13, 34) . Ecad Ϫ/Ϫ ;p53 Ϫ/Ϫ mammary tumors were generated in WAPcre;Ecdh F/F ;p53 F/F mice (P.W.B.D. and J.J., unpublished results) and transplanted as Brca1 Ϫ/Ϫ ;p53 Ϫ/Ϫ tumors. Starting 2 weeks after tumor grafting, the onset of tumor growth was checked at least 3 times per week. Mammary tumor size was determined by caliper measurements (length and width in millimeters) and tumor volume (in mm 3 ) was calculated by using the following formula: 0.5 ϫ length ϫ width 2 . Animals were killed with CO2 when the tumor volume reached 1,500 mm 3 . In addition to sterile collection of multiple tumor pieces for grafting experiments, tumor samples were snapfrozen in liquid nitrogen and fixed in 4% formaline. All experimental procedures on animals were approved by the Animal Ethics Committee of The Netherlands Cancer Institute.
Drugs. AZD2281 was used by diluting 50 mg/ml stocks in DMSO with 10% 2-hydroxyl-propyl-␤-cyclodextrine/PBS such that the final volume administered by i.p. injection was 10 L/g of body weight. Cisplatin (1 mg/mL in saline-mannitol) and carboplatin (10 mg/mL in mannitol-H 2O) originated from Mayne Pharma. Tariquidar (Avaant) was diluted in 5% glucose such that the final volume administered by i.p. injection was 10 L/g of body weight.
Treatment of Mammary Tumor-Bearing Animals. When mammary tumors reached a size of Ϸ200 mm 3 , 50 mg/kg AZD2281 was given i.p. daily for 28 or 100 consecutive days. Controls were left untreated or were dosed with vehicle only. Cisplatin (6 mg/kg) and carboplatin (100 mg/kg) were injected i.v. When combined with platinum drugs, AZD2281 was given 30 min in advance. After the initial treatment, the tumor size was determined at least 3 times per week. The relative tumor volume was calculated as the ratio between the tumor volume at time t and the tumor volume at the start of treatment. To avoid accumulating toxicity of repeated drug injections, an additional treatment was not given after the recovery time of 14 days when the tumor responded to the treatment (tumor size Ͻ50% of the original volume, partial response). In this case, treatment was resumed once the tumor relapsed to its original size (100%). AZD2281-28d: P Ͻ 0.009 (n ϭ 7); control vs. AZD2281-100d: P Ͻ 0.009 (n ϭ 7); AZD2281-28d vs. AZD2281-100d: P Ͻ 0.009 (n ϭ 7); cisplatin vs. cisplatinϩAZD2281-28d: P Ͻ 0.019 (n ϭ 9); cisplatin vs. cisplatinϩAZD2281-100d: P Ͻ 0.014 (n ϭ 7).
